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INTRODUCTION 

The p o t e n t i a l  f o r  f u t u r e  g l o b a l  c l ima te  change (GCC) and i t s  i m p l i c a t i o n s  f o r  
f o s s i l  f u e l s  (FF)  c u r r e n t l y  are h o t  issues. They are the  sub jec t  o f  much 
ongoing research and s c i e n t i f i c  debate and they  have p o l i c y  r a m i f i c a t i o n s  w i t h  
i n t e r n a t i o n a l  repercussions. The r e c e n t l y  completed environmental  conference 
i n  R io  de Jane i ro  i s  a case i n  p o i n t ,  t e s t i f y i n g  t o  t h e  encompassing impor- 
tance o f  t h e  t o p i c .  

GCC i s  ve ry  compl icated and o u r  understanding i s  f a r  from adequate, h inde r ing  
our a b i l i t y  t o  deal e f f e c t i v e l y  w i t h  i t  from e i t h e r  t h e  t e c h n i c a l  o r  t h e  
p o l i c y  s tandpo in t .  Uncer ta in t i es  and cont rovers ies  abound. To h i g h l i g h t  t h e  
sub jec t  f o r  those o f  us who must deal w i t h  i t  i n  our  d a i l y  tasks ,  t h e  Fuel 
Chemistry D i v i s i o n  o f  the American Chemical Soc ie ty  i s  conduct ing t h i s  one-day 
"pedagogical"  symposium. The purpose i s  n o t  t o  p u t  f o r t h  any s p e c i f i c  p o l i c y  
o r  t o  advocate any p a r t i c u l a r  s c i e n t i f i c  p o s i t i o n .  
i n fo rma t ion  on t h e  cu r ren t  s ta te -o f - the-sc ience so t h a t  as we r e t u r n  t o  our  
con t inu ing  r e s p o n s i b i l i t i e s  we might  be b e t t e r  able t o  formulate our  own 
dec is ions  rega rd ing  bo th  the  conduct o f  o u r  p ro fess ion  and p o l i c y  a l t e r n a t i v e s  
which, as knowledgeable representa t ives  o f  t h e  s c i e n t i f i c  and engineer ing 
communities, we w i l l  be asked t o  exp la in  and support .  

The t o p i c  can be d i v ided  i n t o  two major areas: atmospheric science and f o s s i l  
f u e l  i m p l i c a t i o n s .  Th is  symposium w i l l  focus on both.  A t  t h e  conclusion, two 
papers on p o l i c y  underpinnings w i l l  suggest some techniques t h a t  can a i d  i n  
p o l i c y  determinat ions,  b u t  p o l i c i e s  p e r  se are  beyond our  hor izon .  
them f o r  your  personal  cons ide ra t i on  upon departure t h i s  a f te rnoon.  

Rather, i t  i s  t o  p rov ide  

W e  leave 

ATMOSPHERIC SCIENCE 

There are  some t h i n g s  concerning GCC t h a t  are w e l l  known and beyond ser ious  
debate. 
s c i e n t i f i c  bas is .  I t  i s ,  f o r  example, a major cause o f  t h e  e a r t h ' s  average 
sur face  temperature o f  15'C, Mars' -47°C and Venus' 477°C. 

Among them i s  the  "greenhouse e f f e c t "  (GHE) which has an unquest ioned 
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illustrates the GHE. The GHE and the characteristics of the six principal 
greenhouse gases will be examined in our first paper. 

Essential to our analysis of the present is an understanding of what has 
happened in the past. One GH gas of great importance to fossil fuel is, of 
course, CO , a major product of combustion. 
cycle whick, although generically illustrated on figure 2, is not fully 
understood. The material balance, for example, cannot be closed. The 
atmospheric concentration of CO, has undergone significant variation over the 
earth's history and some of those variations have been correlated with 
climatic changes. 
before man and thus stemmed from natural causes. But over the industrial 
revolution of the last 150 years, anthropogenic (i .e. man-produced) carbon 
emissions have caused the atmospheric CO, concentration to increase some 25 
percent, and this is one basis of the present concern. The world's carbon 
emissions and resulting atmospheric concentrations of CO, over the industrial 
revolution are shown on figures 3 and 4. 

The earth's climate, characterized by such things as temperature, precipita- 
tion and soil moisture, has varied considerably over its billion-year history. 
1 show on figure 5 temperature variations over a million-year period. 
significant variations have occurred over these long time intervals is not 
disputed. What has happened over the past 150 years, however, is. Some 
conclude the.earth has warmed perhaps a half degree C during that period; 
others aren't so sure. 
climatic record. 

Large mathematical climate simulations, performed by "General Circulation 
Models" (GCMs), are essential to both analyze collected raw data and to 
predict the future. While necessary and useful, they are lacking in several 
ways. First, present computing hardware and algorithms that solve the huge 
but necessary multi -dimensional partial differential equation sets are not yet 
fully up to the task, at least when the cost of calculation is considered. 
Second, our knowledge of the fundamental processes involved (including 
complicated and significant climatic feedback mechanisms) is not sufficient 
even if they were. Third, the data presently available are not complete 
enough nor understood well enough to enable full validation of our models. 
Nevertheless, GCMs are a major tool in our armamentarium. Two papers will 
focus on GCMs, the first on the characteristics of the models, and the second 
on differences among the computed results (testifying, thereby, to the present 
state of affairs). 

As is now clear, there is a great deal of uncertainty in our present ability 
to draw causal relationships between the GHE and GCC. 
reported almost daily that affect them; a recent example being new data on the 
role of atmospheric aerosols. 
These ambiguities are bases for differing policy alternatives as well as food 
for future research. Wrapping up our morning will be a paper directly 
focusing on these uncertainties and controversies. 

CO, enters the globe's carbon 

Those of the ice ages are an example. Most variations were 

That 

Our second paper will address these data of our 

Research results are 

Significant scientific controversies remain. 
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FOSSIL FUEL IMPLICATIONS 

The f o s s i l  f u e l s  of i n t e r e s t  are n a t u r a l  gas, petroleum, and c o a l .  The f u e l s  
have d i f f e r e n t  p r o p e r t i e s  t h a t  cause them t o  produce d i f f e r e n t  amounts o f  CO, 
as one of t h e i r  combustion products. 
combustion (assuming 100 percent e f f i c i e n c y )  and normal ized t o  n a t u r a l  gas, 
these th ree  f u F l s  c rea te  approximately the  f o l l o w i n g  r a t i o s  o f  CO, (on a 
weight b a s i s ) :  

Natura l  gas - -  1.0 Petroleum - -  1 .4  Bituminous Coal - -  1.8 

The d i f f e r e n c e s  are s i g n i f i c a n t  enough t o  make f u e l  s e l e c t i o n  an important 
determinant.  But even the  lowest, n a t u r a l  gas, c rea tes  s u f f i c i e n t  CO t o  
i t s e l f  be a concern. Thus ways o f  min imiz ing  CO, re leases  f rom f o s s i f  f u e l  
combustion have rece ived considerable a t t e n t i o n .  I n  t h e  f i r s t  o f  two papers 
t h i s  af ternoon, we w i l l  l e a r n  more d e t a i l s  o f  t h e  f u e l ' s  chemical and phys ica l  
p r o p e r t i e s  and how, through b e t t e r  combustion e f f i c i e n c i e s  and f u e l  switching, 
we can m i t i g a t e  the  problem. The second paper w i l l  deal s p e c i f i c a l l y  w i t h  the  
post-combustion capture and sequest ra t ion  o f  CO,, a technology p r e s e n t l y  i n  
i t s  in fancy .  

To re lease equal amounts o f  energy from 

POLICY FORMULATION 

While t h i s  symposium w i l l  n o t  address o r  analyze s p e c i f i c  p o l i c y  proposals,  
e i t h e r  those a l ready  on the  t a b l e  o r  those l i n g e r i n g  i n  the  background, t h e i r  
existence and importance cannot be ignored.  Science p l a y s  a p a r t  i n  p o l i c y  
format ion.  I n  a d d i t i o n  t o  developing b e t t e r  means o f  c l i m a t i c  p r e d i c t i o n  and 
CO, c o n t r o l ,  there  are  o ther  ways i n  which science can he lp .  C los ing  o u t  our 
symposium w i l l  be two papers t h a t  suggest ways i n  which o b j e c t i v e  ana lys is  can 
c o n t r i b u t e  t o  the  e l u c i d a t i o n  o f  c r u c i a l  f a c t o r s  surrounding these p o l i c i e s .  
The f i r s t  w i l l  deal w i t h  a u n i f i e d  economic a n a l y t i c a l  framework. The second 
w i l l  demonstrate a way i n  which u n c e r t a i n t i e s  q u a n t i t a t i v e l y  can be d e a l t  wi th 
i n  GCMs, s i g n i f i c a n t l y  reducing the  spread o f  poss ib le  outcomes. 

F i n a l l y ,  we w i l l  round o u t  our day i n  a panel session w i t h  a l l  authors 
f i e l d i n g  quest ions from the  audience. 

SOME OTHER IMPORTANT ASPECTS 

There are  a d d i t i o n a l  f a c t o r s  t h a t  a re  now and w i l l  remain major  determinants 
o f  f u t u r e  events. 
science o f  GCC and FF combustion p e r  se, they  inc lude,  f o r  example: 

As important t o  an understanding o f  t h e  issue as the  

I n t e r n a t i o n a l  d i f f e r e n c e s  as represented by d i f f e r i n g  a s p i r a t i o n s  
and p r i o r i t i e s  among the  developed and t h e  l e s s e r  developed na t ions .  

P o l i t i c a l  d i f f e r e n c e s  as represented by t h e  var ious  p o s i t i o n s  taken 
by environmental p r o t e c t i o n i s t s  and C0,-producing i n d u s t r i e s .  

- -  

1027 



- -  Ph i l osoph ica l  and mora l  issues as represented by popu la t i on  and i t s  
c o n t r o l .  

We do n o t  have the  t ime t o  de lve i n t o  these mat ters  i n  d e t a i l .  But  do no t  
take t h e i r  l i m i t e d  mention as an i n d i c a t i o n  o f  r e l a t i v e  i n f l uence .  
t i m e ,  n o t  importance, t h a t  f o rces  us t o  deal p r i m a r i l y  w i t h  o the r  th ings ;  i n  
the  end, these issues may w e l l  prove t o  have the g rea tes t  i n f l u e n c e  o f  a l l  on 
the  w o r l d ' s  response t o  the t h r e a t  o f  GCC from the  GHE. I t  i s  impor tant  t h a t  
we techno log is t s  a lso apprec iate them and I'll f i n i s h  t h i s  overview w i t h  a 
very inadequate coverage o f  a few o f  the most impor tant  . . . 
GH gases are worldwide, and d e a l i n g  w i t h  them w i l l ,  o f  necess i t y ,  r e q u i r e  a 
coord inated,  i n t e r n a t i o n a l  approach. But no t  a l l  nat ions are i nvo l ved  
equa l l y .  F i r s t ,  the p red ic ted  c l i m a t e  changes vary; some na t ions  may even 
b e n e f i t  as the a g r i c u l t u r a l  environment o f  t h e i r  coun t ry  i s  b e t t e r e d  a t  the 
expense o f  another n a t i o n ' s  l oss .  Second, many o f  the develop ing c o u n t r i e s  
are w r e s t l i n g  w i t h  horrendous h e a l t h  and economic woes; t h e i r  p r i o r i t i e s  are 
on the present  and no t  on what might  ( o r  might  no t )  be done t o  a f f e c t  GCC many 
years hence. R e l a t i v e l y  poor and t e c h n i c a l l y  p r i m i t i v e ,  whatever they do w i l l  
r e q u i r e  bo th  techno log ica l  and economic a id .  
Montreal P ro toco l  on CFC c o n t r o l  was f i r s t  r e j e c t e d  by these coun t r i es  who 
jo ined  i n  o n l y  a f t e r  the developed na t i ons  o f f e r e d  economic ass is tance.)  And 
t h i r d  i s  t he  quest ion o f  e q u i t y  these s t r u g g l i n g  nat ions r a i s e :  "It i s  the 
r i c h  nat ions o f  the wor ld  t h a t  have p o l l u t e d  the g loba l  nes! w h i l e  achiev ing 
t h e i r  s t a t u s  o f  w:ll-being; they should pay f o r  it, no t  us, one hears them 
exclaim, adding, 

One cannot escape the  economic consequences o f  t he  moment, as p o l i c y  d i scus -  
s ions i n  t h e  U.S. reveal .  It i s  no s imple ma t te r  t o  suggest the present  
economic base o f  t h i s  country ,  which i s  h i g h l y  dependent upon f o s s i l  f u e l  
combustion, should be q u i c k l y  a l t e r e d .  A t  t he  same t ime, the re  are those w i t h  
a genuine concern fo r  long- term environmental consequences who auger f o r  
immediate c o n s t r a i n t s  on CO . Fee l i ng  we cannot a f f o r d  the t ime i t  w i l l  take 
t o  o b t a i n  a b e t t e r  s c i e n t i f < c  bas i s  f o r  p o l i c y ,  they be l i eve  the  downside r i s k  
i s  t o o  l a r g e  t o  w a i t .  So even i n  a s i n g l e  nat ion,  l e g i t i m a t e  d i f f e r e n c e s  of 
perspect ive l ead  t o  r a d i c a l l y  d i f f e r e n t  p o l i t i c a l  p o s i t i o n s .  

F i n a l l y ,  t he re  are some moral f a c t o r s  t h a t  cannot be escaped. One major 
determinant o f  t he  magnitude o f  f u t u r e  CO, emissions w i l l  be the number of  
people generat ing i t  - -  t he  w o r l d ' s  populat ion,  which i s  r a p i d l y  r i s i n g .  If 
the t rend  cont inues as predic ted,  i t  w i l l  swamp CO emission c o n t r o l s .  That, 
i n  t u r n ,  suggests popu la t i on  c o n t r o l ,  a h i g h l y  emotional and contested f a c t o r  
b u t  nonetheless a very impor tant  determinant .  

I t  i s  o n l y  

' 

(I note i n  pass ing t h a t  the 

The w e l l - o f f  na t i ons  should now he lp  us reach equal weal th . "  

SUMMARY 

To i l l u s t r a t e  how factors  a f fec ted  by technology and those t h a t  are n o t  are 
i n te rm inab ly  i n te r tw ined ,  I use an i d e n t i t y  proposed by Gibbons6 several years 
ago. One can est imate CO, emissions a t  some time, T, by: 
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CO Emit ted = CO, Emit ted per  U n i t  o f  Consumed Energy @ t=T  (1) 

x Gross Domestic Product (GDP) p e r  person @ t=T (3) 

x Popu la t ion  @ t = T  ( 4 )  

@ t ime t=T 
x Energy Consumed per  U n i t  o f  Gross Domestic Product @ t = T  (2) 

L e t t i n g  E represent consumed energy, we rearrange and d e f i n e  f o u r  q u a n t i t i e s ,  
A, E, C, and 0, i n  the  process: 

CO, Emit ted (CO, emit ted/€) @ t=T CO, e m i t t e d  @ t = O  
@ = A .____________________ ______--___..____ X 

Time T (CO, emi t ted /€)  @ t = O  E @ t = O  

(E/GDP) @ t=T 

(E/GDP) @ t = O  
X B  _________..__ 

(GDP/person) @ t=T  GDP @ t = O  
x c .._______..___ ~ ..__ _ - - - _ _ _ _ - - - _  

(GDP/person) @ t = O  person @ t = O  

(popu la t ion  @ t=T)  

(popu la t ion  @ t = O )  

X 

x D  ___...____.._____ X p o p u l a t i o n  @ t = O  

The beauty o f  t h i s  representa t ion  i s  t h a t  the  f o u r  q u a n t i t i e s  on the  l e f t  a re  
merely r a t i o s  o f  the  f u t u r e  ( t  = T )  t o  the  present ( t  = 0) ,  w h i l e  the  r i g h t -  
hand q u a n t i t i e s  c o n t a i n  in fo rmat ion  o n l y  on the  present.  Fur ther ,  i t  sepa- 
r a t e s  e f f e c t s  o f  energy technology (A & 6) from o ther  determinants (C & 0 ) .  
" A "  r e f l e c t s  emissions from the  generat ion o f  such usefu l  energy forms as 
heat, e l e c t r i c i t y  and motion; improving system e f f i c i e n c i e s  and f u e l  sw i tch ing  
can lower i t .  "E"  measures "energy e f f i c i e n c y "  changes - -  how we use t h a t  
energy - -  and r e f l e c t s  (among other t h i n g s )  end-use conservat ion.  These f i r s t  
two terms embody j u s t  about a l l  t h a t  energy technology can do. 
measure of t h e  change i n  p r o d u c t i v i t y  o f  a people. 
improved standard o f  l i v i n g  and the o b j e c t i v e  i s  t o  increase t h i s  parameter. 
"0" invokes a l l  k inds  o f  c o n t r o v e r s i a l  cons idera t ions  i f  there  i s  an at tempt 
t o  c o n t r o l  i t .  

R e l a t i v e  t o  t h e  present,  one can est imate f u t u r e  emissions o f  CO, f o r  a l o c a l  
reg ion ,  a n a t i o n  o r ,  indeed, t h e  wor ld by i n s e r t i o n  o f  the  proper values f o r  
A, E, C ,  and 0. I f  t h e i r  product i s  lower than one, emissions a t  T a re  l e s s  
than those a t  present;  i f  i t  i s  g rea ter  than one, they  w i l l  be more. 
sha l l  s e e ,  a l l  f o u r  a re  important and each must be appreciated. 

Using a v a i l a b l e  data and p r e d i c t i o n s  of the  experts,  I have est imated t p e  
values of t h e  f o u r  q u a n t i t i e s ,  updat ing s i m i l a r  values computed e a r l i e r  f o r  
the  35-year p e r i o d  ending i n  the  year 2025 f o r  th ree  d i f f e r e n t  reg ions ;  the  
U . S . ,  Afr ica ,  and the  wor ld .  
generated by a l l  f o s s i l  f u e l s  remains constant,  my p r e d i c t i o n s  o f  improved 

" C "  i s  a 
It goes up w i t h  an 

As we 

Assuming the  percentage o f  u s e f u l  energy 
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e f f i c i e n c i e s  and f u e l  sw i t ch ing  were o p t i m i s t i c ;  f o r  example, i n  the U.S. 
average o v e r a l l  system e f f i c i e n c y  improves some 36%, coal  use drops 30% and 
o i l  use drops 20% (both rep laced by n a t u r a l  gas) over t h a t  t ime.  
were: 

The r e s u l t s  

A B C D AxBxCxD 

Uni ted States 0.67 0.71 1.74 1.21 1 .oo 
A f r i c a  0.76 1.91 0.73 2.44 2.58 

World 0.71 0.74 1.67 1.60 1.40 

The imp1 i c a t i o n s  are c l e a r .  Under these h i g h - e f f i c i e n c y ,  high-gas, low-coal 
assumptions, CO, emissions s tay  the same on ly  i n  an advanced-technology n a t i o n  
where popu la t i on  growth i s  s imul taneously  l i m i t e d .  They increase elsewhere 
despi te  what technology can do. To c o n t r o l  worldwide emissions, non-energy 
technology f a c t o r s  (e.g. p r o d u c t i v i t y ,  popu la t i on )  a l so  must be d e a l t  wi th ,  
w i t h  s i g n i f i c a n t  i n t e r n a t i o n a l  and moral imp l i ca t i ons .  I t  should be noted, 
however, t h a t  w i thou t  technology p r o v i d i n g  l a r g e  reduct ions i n  A and 6, the 
s i t u a t i o n  would be f a r  worse - -  technology i s  do ing i t s  p a r t !  

Our symposium today focuses o n l y  on the f i r s t  parameter, A, which deals  w i t h  
energy generat ion by f o s s i l  f ue l  combustion. That i n  i t s e l f  w i l l  be d i f f i c u l t  
t o  do i n  o n l y  a few hours '  t ime.  
minimized, however. 
concerning g loba l  c l ima te  change. 

The impacts o f  the o the rs  should n o t  be 
For they a l so  have a c r i t i c a l  importance i n  mat ters  
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Figure 1 

THE GREENHOUSE EFFECT 

Source: Ref. 1 

Figure 2 

GLOBAL CARBON CYCLE 

Source: Ref. 2 
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F i g u r e  3 

GLOBAL CARBON 
EM1 SSIONS 

S o u r c e :  R e f .  3 

F i g u r e  4 

C02 ATMOSPHERIC 
CONCENTRATIONS 

S o u r c e :  R e f .  3 

F i g u r e  5 

H I S T O R I C  TEMPERATURE 
VARIATIONS 

(dashed l i n e  = 1900) c 

Years belore presenl S o u r c e :  R e f .  4 
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